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Abstract 
The mechanism of various surfactant additives co-impregnated with polymeric amines on silica supports has been investigated. 
The application of this understanding was applied to yield adsorbents with a significant reduction in regeneration requirements. 
Under a pure temperature swing adsorption process, a working capacity of 2.82 mmolg-1 was achieved between 75-120 °C, 
representing an increase in working capacity of 55 % compared to single component impregnated adsorbents. A broad range of 
surfactant additives and loadings were studied as co-impregnation species in SBA-15 supported polyethlyleneimine (PEI) and 
tetraethylenepentamine (TEPA) solid adsorbents. The performance of these systems was evaluated by their adsorption capacity, 
adsorption kinetics, peak adsorption temperature and desorption profiles. We found that triethanolamine and sodium 
dodecylsulfate in selected loadings offered superior adsorbent properties 
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1. Introduction 
Mitigating against climate change requires the research and rapid deployment of novel technologies that prevent 
the release of carbon dioxide. Carbon capture and storage represents one such technology option offering the 
utilisation of fossil fuels without the associated emissions. [1] Current post combustion carbon capture systems 
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based on amine solvent systems are highly effective but require a significant amount of energy to effect the 
separation. This additional energy burden can be as much as 30 % of a power stations output, hence limiting the 
widespread deployment through a prohibitive increase in the cost of electricity.[2] Solid adsorbent systems are a 
second generation technology with the potential to significantly reduce the costs of carbon dioxide capture. [3] 
 
Solid supported amines are a promising class of solid adsorbents consisting of basic amines either tethered or 
impregnated upon a silica or alumina support. [4] Amines tethered to the surfaces of porous supports possess rapid 
adsorption kinetics and good stability but are limited to low adsorption capacities as a result of steric crowding at the 
surface of the support. [5] Impregnated amine adsorbents incorporate non-volatile polymeric amines dispersed 
throughout a porous support. Impregnated adsorbents demonstrate high adsorption capacities, regenerable behaviour, 
high selectivity, water tolerance and multicycle stability. [6, 7]  The majority of investigations is this area are limited 
to ethylenediamine polymers notably polyethlyeneimine (PEI) of varying molecular weights and 
tetraethylenepentamine (TEPA). TEPA based adsorbents tend to have faster rates of adsorption with a higher rate of 
amine utilisation leading to superior adsorbent performance. PEI by comparison exhibits slower adsorption kinetics 
and often lower equilibrium CO2 adsorption capacities owing to the greater viscosity of the heavier molecular weight 
polymer.  Xu et al. first reported the increase in adsorption amount and uptake kinetics upon the inclusion of 
polyethylene glycol on polyethlyeneimine impregnated adsorbents. [8] Yue and co-workers explored the role of 
hydroxylated additives mixed in with TEPA proposing the presence of hydroxyl groups influenced the adsorption 
mechanism to yield a bicarbonate species. [9] 
 
The formation of a bicarbonate species would allow an increase in amine efficiency due to the shift in amine to 
CO2 ratio towards 1:1. This pathway appears inconsistent with the data reported as the amount of uptake decreased 
when substrates with a much greater concentration of hydroxyl groups were used. Further work by Dao studied 
blends of TEPA and a range of low molecular weight amines and hydroxyl bearing groups, finding no significant 
influence that could be ascribed to the presence of hydroxyl groups alone. [10] It has been shown that non-ionic 
surfactants bearing long hydrophobic chains and hydroxylated head groups increase the adsorption capacity. This 
increase in capacity was related to an increase in the accessibly brought about by the disruptive nature of the 
surfactants. [11] In the instances of where templated silicas are used as the support, several researchers have 
intentionally retained the template, hereby avoiding calcination to yield adsorbents with greater adsorption 
capacities. [12] 
 
2. Research challenges 
These advances indicate the potential role for impregnated binary adsorbents for post combustion carbon capture 
and storage. A current limitation of solid adsorbents is the lack of stability of lower molecular weight impregnated 
adsorbents. [13] In the instance of higher molecular weight polymers, the kinetics of adsorption can be sluggish as 
CO2 has to diffuse through the more viscous amine. In most literature reports the sorbent is regenerated with a 
thermal swing under a sweep gas. Such systems are not feasible at scale as a further separation would be required to 
remove the sweep gas from the CO2. A pure temperature swing adsorption process under pure CO2 was studied by 
Drage et al. who noted that in pure atmospheres of pure CO2 only 50 % of the polyethlyeneimine based adsorbent 
could be regenerated at 110 °C yielding a working capacity of 1.2 mmolg-1. [14] This practical working capacity is 
far below that required for such systems to offer clear advantages to traditional solvent based systems. [15] 
 
Our investigation into the development of second generation solid supported amines has focused on the creation 
of adsorbents combining the facile diffusion of lower molecular weight impregnated amine adsorbents with the 
stability of their higher molecular weight counterparts. Our metrics of success are based upon a multitude of factors 
such as uptake capacity, adsorption kinetics, desorption requirements, selectivity and stability. In this paper we 
investigate the effect of a wide range of surfactant additives on PEI (MW 600) and TEPA (MW 300) based 
adsorbents. The origin of the surfactant behaviour is investigated and a mechanism for action is presented. The 
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application of this mechanism is demonstrated by the production of adsorbents with an enhanced working capacity 
and increased adsorption kinetics. 
3. Experimental  
3.1. Materials 
Triblock copolymer poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) (Pluronic 123, 
EO20PE70EO20, Mw  5800), glycerol, polyoxyethylene nonylphenyl ether branched surfactant (IGEPAL CO-720, 
Mw 749), triethanolamine, tetraethylenepentamine, ethanol, aqueous hydrochloric acid (37 %), dodecylamine  were 
purchased form Aldrich without further purification. Polyethyleneimine (PEI 600, MW 600), sodium dodecylsulfate, 
cetrimonium bromide and tetraethylorthosilicate were purchased from Alfa Aesar and used without further 
purification.     
3.2. Preparation of SBA-15 
All support functionalisation was conducted on the same batch of SBA-15 produced in a manner akin to Zhao. 
[16] Pluronic 123 (80.0g) was dissolved in water (600 ml) with stirring at 35 °C. To this was added Hydrochloric 
acid (2 M, 2400 ml) and the mixture stirred for 30 minutes before the addition of tetraethylorthosilicate (182 ml). 
The temperature was maintained at 35 °C with stirring for 20 h and then statically heated at 80 °C for 24 hours. The 
white gel was collected by filtration and washed with deionised water (3 x 1000 ml) and dried in an oven at 100 °C 
for 24 hours and then calcined at 600 °C in air for 8 hours to remove the template.    
3.3. Preparation of adsorbents 
In a typical wet impregnation procedure the desired quantity of amine and surfactant additive were charged into 
the reaction vessel. To this methanol (10 ml) was added and the mixture sonicated until the amine and surfactant has 
fully dissolved. The required amount of SBA-15 was then added and the mixture sonicated at 40 °C for 30 minutes. 
The samples were then transferred to a vacuum oven and heated to 40 °C under reduced pressure to produce dry 
white adsorbents. The prepared samples are Ax-By where A represents the amine type, B the surfactant additives 
with x and y representing the mass fractions of these components relative to the entire adsorbent. A range of 
cationic, anionic and non-ionic surfactants were co-impregnated with either PEI or TEPA to give a consistent 
loading of 40 wt% with surfactant to amine ratios of 10:90, 25:75 and 50:50.  
3.4. Characterisation of adsorbents 
Nitrogen adsorption-desorption isotherms were obtained at 77 K using a Quantachrome Autosorb iQ-MP 
automated gas sorption analyser. Prior to the measurement bare support samples were degassed under vacuum at 
150 °C for 12 hours at a heating rate of 5 °C/min-1. Impregnated samples were degassed at 130 °C for at least 24 
hours with a heating rate of 5°C/min-1. The specific surface areas of the samples were calculated by the Brunauer–
Emmett–Teller (BET) method in the relative pressure range 0.03-0.1. The pore size distributions were calculated 
from the adsorption isotherm using the Barrett–Joyner–Halenda (BJH) model applied to the adsorption branch. The 
composition of the adsorbents was quantified by elemental analysis. Structural properties of the SBA-15 are as 
follows; surface area (BET) 740 m2g-1 , Average pore size (BJH) 5.9 nm, Pore volume 0.98 mlg-1. The presence of a 
binary mixture of adsorbents was confirmed by elemental analysis.   
3.5. Temperature programmed desorption 
Temperature programmed desorption was conducted on a Mircomeritics Autochem II 2920 with a thermal 
conductivity detector and online Cirrus 2 Quadrupole mass spectrometer. In a typical experiment the sample was 
pre-treated under helium at 120 °C for 30 mins to remove moisture and any pre-adsorbed CO2. The sample was then 
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cooled to 60 °C and exposed to a flow of CO2 for one hour. The temperature was reduced to 0 °C and the gas flow 
switched to helium. The sample was then heated to 150 °C at a ramp rate of 10 °C min-1  
3.6. CO2 adsorption measurements  
A TA instruments Q500 thermogravimetric analyser (TGA) was used to measure the CO2 adsorption and 
desorption by monitoring the weight change of the sample. In a typical adsorption experiment approximately 20 mg 
of sample was heated to 120 °C at a rate of 10 °C min-1 and held at this temperature for 30 minutes under a flow of 
nitrogen (1 atm., 100 ml min-1). The temperature was then reduced to the desired adsorption temperature at a rate of 
20 °C minute. The gas flow was then switched to CO2 (1 atm., 100 ml min-1) for 60 minutes. The adsorption 
capacity was calculated by the change in sample weight between the dry sample and the mass after exposure to CO2 
with a correction applied for buoyancy differences using a blank sample pan.  
 
4. Results and Discussion  
4.1. Influence of surfactant structure on adsorption capacity 
The surfactants used (Figure 1) featured cationic and anionic polar head groups both reported as having a 
significant interaction with silica surfaces. [17] Two non-ionic surfactants were chosen with markedly different 
chain properties. Pluronic 123 has a chain of ether linkages yielding a hydrophile –lipophile balance (HLB) of 7-9 
with IGEPAL CO720 tending to be more hydrophobic with a HLB number of 14. The effect of triethanolamine 
(TEA) and glycerol (Gly) were investigated to probe the effect of hydroxyl groups on the mixtures with the TEA 
also featuring a basic site. Dodecylamine (DDA) combined a long chain hydrophobic tail with a primary amine head 
group known to interact with CO2.  
  
Fig. 1. The structure of the surfactants used in this study. Note X, Y and Z are taken as the monomer feed ratio as 20:70: 20 
 
A comparison between CO2 adsorption of surfactant additives in the presence of PEI and TEPA are shown in 
Figure 2. The influence of the surfactant additives varied on the nature of the amine in which was impregnated. The 
adsorption capacity of PEI samples was most greatly influenced by TEA with PEI 30-TEA 10 achieving a 20 % 
increase in CO2 adsorption. There was a similar effect for TEPA based adsorbents with TEPA 30 –TEA 10 
exhibiting an 18 % increase in adsorption capacity over the single component adsorbent. The only other surfactant 
composition to offer significant benefits in total adsorption capacity was PEI 30–SDS 10 with an increase in 
adsorption capacity of 6.4 %. Similarly for TEPA based adsorbents the substitution of one quarter of the TEPA was 
influenced by SDS, TEA and DDA.  
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Fig. 2. (left) Typical CO2 adsorption experiments for binary PEI-surfactant mixtures (right) Typical CO2 adsorption experiments for TEPA-
surfactant mixtures. Adsorption experiments conducted at 75°C under pure CO2 with a flow rate of 100 mlmin-1 
4.2. Effect of surfactant loading on amine efficiency  
The CO2 adsorption capacity was measured via TGA and the amine efficiency was calculated with the results 
presented in Figure 3. The addition of TEA to PEI based sorbents had a beneficial effect on uptake capacity at all 
levels of loading. For ionic based surfactants the data suggests that only a low level of loading leads to an increase in 
adsorption capacity as well as amine efficiency. In this study the presence of glycerol bearing several hydroxyl 
groups yielded no increase in adsorption capacity. This suggests that in such instances no bicarbonate species were 
formed. Of particular note is the linear increase in amine efficiency with increasing loadings of P123, GLY and 
DDA.  
 
Fig. 3. Uptake capacity of adsorbents (columns) and amine efficiencies (diamonds) for PEI based adsorbents (left) and TEPA based 
adsorbents (right) at 75 °C under 1atm. CO2.  The dashed line represents the single component adsorption capacity with the dotted line 
showing the single component amine efficiency 
 
Similar to numerous reports the adsorption capacities of TEPA based adsorbents were generally greater than that 
of PEI based sorbents. This is perceived to be a result of the decrease in viscosity facilitating diffusion through the 
impregnated TEPA. The partial substitution of TEPA for TEA yielded the largest increases in adsorption, albeit 
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TEPA 50-TEA 50 yielded a lower adsorption capacity. Increases in adsorption capacities were noted for small 
amounts of ionic surfactants with the extent of increase approximately double that of PEI based adsorbents. 
Significant increases in amine efficiencies were noted for TEPA 50- SDS 50 and TEPA 50- P123 50 with 85 % of 
the available amine pairs reacting with CO2. Under the dry conditions used the expected maximum amine efficiency 
would be 0.5 indicating the formation of alkyammoniumcarbamates and the associated ammonium ion. Even in the 
presence of hydroxyl bearing groups there was no significant increase in amine efficiency suggesting a change in 
mechanism. The increase in amine efficiency with the inclusion of surfactant additives suggests that the surfactants 
disrupt the molecular packing of the amine allowing a greater number of amines sites to be accessible. 
 
4.3. Effect of surfactants on adsorption kinetics 
 The rate of CO2 adsorption is a critical factor for solid adsorbents. Figure 4 depicts the effect of the surfactant on 
CO2 adsorption after 30 seconds exposure to CO2 for both TEPA and PEI based sorbents. The extent of CO2 
adsorption after 30 seconds was typically greater for TEPA based adsorbents than those featuring PEI, with a greater 
fraction of the equilibrium adsorption sites occupied after 30 seconds of adsorption. Instances where TEPA-
surfactant binary mixtures increased the overall capacity the extent of adsorption after 30 seconds also increased. 
Binary PEI-surfactant mixtures significantly affected the initial rate of adsorption. This was also evidenced for 
samples where the equilibrium CO2 capacity is decreased by the presence of a surfactant. Additives such as Gly, 
IGE and P123 which led to no significant increases in equilibrium uptake appeared to increase the rate of 
adsorption. This suggests that these additives disrupt the packing of the polymeric amine, however the amount 
required to do so leads to a net reduction of CO2 adsorption on a mass basis. The introduction of surfactant additives 
facilities CO2 diffusion through the multilayers of impregnated amine increased the rate of adsorption.  
Fig. 4. The extent of CO2 adsorption after 30 seconds (diamonds) with the equilibrium capacity (columns) at 75 °C under 1atm. CO2  (left) PEI 
based adsorbents and (right) TEPA based adsorbents. The dashed line represents the single component adsorption capacity with the dotted line 
showing the single component adsorption after 30 seconds 
4.4. Effect of surfactants on adsorption temperature 
Figure 5 exhibits the equilibrium adsorption capacity measured at a range of temperatures under an atmosphere 
of pure CO2. For single component TEPA sorbents the CO2 capacity peaks at 100 °C and reduces at 120 °C at the 
point where the rate of desorption becomes competitive. In the presence of TEA and SDS in significant loadings the 
maximum adsorption temperature decreases to 75 °C. Of particular interest is the variation in working capacity 
between the temperature range of 75 and 120 °C under an atmosphere of pure CO2. During temperature swing 
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adsorption between 75-120 °C the working capacity is 1.32 mmolg-1 for TEPA 40, increasing to 2.55 and 2.88 
mmolg-1 for TEPA30-TEA 10 and TEPA-30-SDS 10 respectively. Adsorbents of this nature are required for pure 
temperature swing adsorption applications. In the instance PEI sorbents the inclusion of surfactant additives below 
25 % loading does not influence the uptake temperature profile. A surfactant loading of 25 % results in a much 
larger portion of the maximum uptake being attained at lower temperatures. In the instances of PEI 20-TEA 20 the 
maximum adsorption capacity is attained at 60 °C. This suggests that in such samples a large proportion of the CO2 
bound has a lower interaction with the adsorbent.  
 
Fig.5. (left)The effect of surfactant additives on peak 
adsorption temperature  
Fig. 6.(right) Temperature programmed desorption of CO2 
saturated adsorbents using a 10 °Cmin-1 temperature ramp rate 
 
4.5. Effect of surfactant addition on desorption requirements 
 To further investigate the CO2 adsorption behaviour, the adsorbents were analysed using temperature 
programmed desorption. Single component TEPA exhibited a desorption peak at 120 °C. The inclusion of SDS 
shifted this desorption peak to 80 °C with an increase in peak dispersion. Figure 6 shows that binary TEPA-TEA 
adsorbents show the presence of two desorption peaks; a maximum at 95 °C with a low temperature shoulder at 50 
°C. To investigate the origin of this effect the adsorption of 40 SDS and 40 TEA were studied under the same 
conditions. It was found that TEA exhibited a weak interaction with CO2 whilst SDS had negligible interaction. This 
supports the conclusion that the addition of surfactant additives can play two roles in modifying the behaviour of the 
adsorbent. Firstly the surfactant can facilitate mass transit through the sample portrayed by the enhanced kinetics 
and amine accessibility and facilitated desorption. Secondly in certain instances the surfactants can play an active 
role in CO2 adsorption providing a secondary weaker physisorption site.  A combination of these factors appears to 
be the rationale behind the improved properties of TEPA-TEA adsorbents. This appears to explain the significant 
increases in performance obtained by Dao et al. who noted a maximum in single component CO2 adsorption at 40 
°C on a binary TEPA, diethanolamine adsorbent. [10] The low temperature component of these adsorbents could be 
attributed to physisorption of CO2, hence in the presence of humid conditions these physisorption sites could be 
replaced by water. 
5. Conclusion 
The mechanism of action of surfactant additives has been explored suggesting two kinds of surfactant additive 
behaviour. Additives can either passively increase the adsorption capacity by facilitating mass transport of CO2 
throughout the polymeric amine or inclusively provide additional weaker physisorption sites. We demonstrated 
Shift to lower temperature peak 
adsorption capacity 
Physisorbed CO2  
Chemisorbed CO2  
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significantly improved working capacities attained under purely a thermal temperature swing adsorption process 
with lower desorption requirements in comparison to single component impregnated amines.  The incorporation of 
surfactant additives appeared to increase the number of accessible adsorption sites resulting in improved CO2 
uptakes coupled with increased rates of adsorption. These second generation adsorbents offer a multitude of benefits 
over single component solid adsorbents, ultimately working towards lowering the cost of CO2 capture.   
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